Abstract. Monte Carlo method is an experimental simulation approach to analyze system reliability parameters. Direct component-based Monte Carlo method is very common in system reliability simulation. Periodic test is a special and complex routine maintenance method, in which part system components are tested completely and replaced by new ones if it was needed. This kind of maintenance method makes system components recovering their reliability periodically and components states being discontinuous with sudden changes after periodic test. Based on direct Monte Carlo method, this paper divides the whole mission time into several parts to simulate the system reliability with periodic test.
Introduction
With the development of the computer science technology, Monte Carlo method becomes one of the experimental simulation methods. Without Monte Carlo method, we should simulate and calculate systems reliability with mathematical models. However, the more and more complex practical systems bring problems in modeling and affect the accuracy of the simulation. The Monte Carlo method, a process-based experimental simulation method, overcomes this drawback. Monte Carlo method could simulate the whole experimental process well and does not require an accurate mathematical model to describe it. This flexible simulation method has been used in a great deal of application in reliability simulation.
[ [1] [2] [3] [4] introduce the basic Monte Carlo theory and the Monte Carlo method from two perspectives and gives the corresponding state transition equations. The direct simulation method is based on components and completes the state transition of the system by sampling the transition time (life or repair time) of each component; the indirect simulation method is based on system and uses the sum of all component transition rates as the transition rate of the whole system. Meanwhile, discrete sampling is used to determine the transition component and the transition states. The two methods are applicable in normal circumstances. However, it is more convenient to use direct simulation method when there is correlation between components or the failure rate changes with the states.
In the above references the state of the system components is continuous and the simulation process is a homogeneous Markov process.
This paper mainly studies the reactor protection system of nuclear power plant, where there is a special maintenance method -periodic test. According to the set test period, the maintainer will test the equipment of a redundant channel of the system and replace some of the fault or aging components with new ones to ensure the high reliability of the system. In this mode of operation, the reliability of redundant channel equipment will be restored as new after the periodic test. Without considering the process of the periodic test itself, the state of the system has a sudden change at the point of each periodic test. In this paper, we will study the reliability simulation of system periodic test with Monte Carlo method.
Monte Carlo and Periodic Test Theory
Direct Simulation Method. Due to the periodic test process, the state of the components and system may exist a sudden change, which means the state transition process cannot be considered from the system level, making indirect simulation method no longer applicable. So we consider about the direct simulation method. The direct method uses continuous sampling method to get the transition time (life) of each component, and each transition is based on the transition time of each component. Therefore, the direct method is a component-based simulation method.
Let us consider a multi-component system made up of ݊ independent components. For the sake of simplicity and clarity, we assume that each component has two states, operation state and fault state. The fault state is absorbing.
We denote ‫ܨ‬ ‫)ݐ(‬ = 1 − ܵ ‫)ݐ(‬ the cdf of component ݆ leaving its operational state before time ‫,ݐ‬ by ݂ ‫)ݐ(‬ the corresponding pdf.
According to ‫ܨ‬ ‫,)ݐ(‬ we can use continuous sampling method to get the transition time ‫ݐ‬ ‫,)ݐ(‬ ݆ = 1,2, … , ݊.
where ‫ܨ‬ ିଵ is the inverse function of the cdf ‫ܨ‬ , and ܴ is a random number sampled from the uniform distribution in [0,1).
According to the order of occurrence, we build the random walk to describe every transition time and state We assume that ݇ transitions are sampled before the mission time ܶ .
We can get pdf of the whole transition sequence [4] .
We use conditional probability laws to factorize Eq. 4 as:
where conditional probability functions as follows:
We use conditional probability functions to limit the sampling from n-dimensional time distribution to ݊ one-dimensional time distributions. By sampling the transition time and sorting, we get the whole complete transition process.
Periodic Test. In order to simplify the discussion, we will simplify the periodic test process. The process of periodic test is not considered and we only consider that the component reliability will recover as new.
Because of at the moment of periodic test，the state of related components recovered as new, this discontinuous state transition is difficult to describe with the Markov model. Considering the periodic test moment ܶ ௦ as a boundary, the whole simulation time is divided into several stages; in each stage, the state of the system is continuous, and the description of the homogeneous Markov process can be performed by using the Monte Carlo method.
The state transition time, similar to the direct simulation method, is still sampled and sorted by the cdf of each component. We assume that only one component (݅ ௦ ) conducts the ܰ-th periodic test at ܰܶ ௦ and the transition time is sampled as ߬ ௦
* . Multiple periodic test of several components is similar to this process. According to whether ߬ ௦ * in [ܰܶ ௦ , (ܰ + 1)ܶ ௦ ሿ , we consider the simulation process divided into two parts (If (ܰ + 1)ܶ ௦ > ܶ , then we consider [ܰܶ ௦ , ܶ ሿ).
At this stage, the component ݅ ௦ is recovered as new at ܶ ௦ , which means both its cdf and pdf have changed. We use ݂ * (t)，ܵ * (t) and ‫ܨ‬ * ‫)ݐ(‬ to represent the changed functions.
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After periodic test, the lifetime of the component ݅ ௦ needs to be resampled according to Eq. 
Eq.
[13] represents transition process of component ݅ ௦ at [ܶ ௦ , ܶ ) and transition process of other components at [0, ܶ ). The conditional probability function is as follows:
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Simulation Experiments
According to the previous analysis and formula, we get the basic steps to simulate the periodic process with Monte Carlo method:
(1) Based on the transition probability distribution of each component, the state transition time of each component is obtained by continuous sampling.
(2) The system time counter accumulates with a certain minimum interval time. When the counter time is greater than or equal to a component state transition time, the state transition occurs.
(3) When a component is replaced after periodic test, the new component state transition time of the next stage is resampled and the component's state is returned to normal operation.
(4) Determine whether the system is normal working or faulty, and if it is faulty, add "1" to the corresponding statistics counter.
Two examples of system simulations that considered periodic test are discussed below. a) Two-components series system We consider a two-components series system (component A and B). We assume that two components are identical and independent of each other. Their lifetime distribution follows an exponential distribution. The failure rate is constant as ߣ = 10 ିସ /ℎ. Component A and B are periodically tested at ܶ ௦ = 1000ℎ intervals. The mission time is 5000ℎ and number of the trial is 10
. The initial state of the component is normal working. Since the component's state transition distribution is exponential, we can get the formula as follows:
According to the continuous sampling method, the inverse function of Eq.
[24] can be sampled to obtain the state transition time of the components. 
The simulation result is as follows: It can be seen that the solid line (Monte Carlo method) fits well with the dot line (Analytic), and the variance of the difference is 1.9868 × 10
ି . This proves that under a certain number of simulations, the above-mentioned staged Monte Carlo method can be used to simulate the periodic test process and ensure the accuracy. 2-out-of-4 system The nuclear power plant reactor system consists of four redundant channel, which constitutes a 2-out-of-4 system structure. The periodic test mode is four-channel rotation test and maintenance. To simplify the discussion, periodic test is considered as a point in time, where the reliability of a component on a channel recovers "1" after periodic test.
The reliability of a 2-out-of-4 system consisting of four components is discussed below. Four components are identical and independent of each other. Their lifetime distribution follows an exponential distribution. The failure rate is constant as ߣ = 10 ିସ /ℎ . Each component is periodically tested at ܶ ௦ = 1000ℎ intervals. The mission time is 5000ℎ.
The 2-out-of-4 system periodic test simulation process is basically the same as the simulation of the two-components series system. Because there are four components rotating periodic test. So at each test point in time, we need to determine which channel needs to be tested, and the state of the corresponding component returns to normal working condition. The simulation result is shown in Fig. 2 . 2-out-of-4 system takes four-channel periodic rotation test. The theoretical analysis shows that the system will achieve the cycle after four periodic tests. The simulation results are completely consistent with the theoretical analysis. The simulation result and analytic result are basically the same. The variance of the difference is 7.7032 × 10 ିଽ .
Conclusion
This paper introduces Monte Carlo direct simulation method and state transition formula. The conditional probability is used to decompose the n-dimensional probability distribution into ݊ one-dimensional conditional probability distributions, and to represent each state transition of the system. At this point the system state is continuous, uninterrupted. In this paper, based on the direct simulation method, we focus on the case of discontinuous state transitions with periodic test. We divide the system mission time into several phases according to the periodic test to ensure that the system state is continuous at each stage and derive the state transition functions. At the same time, we simulate 2 sample systems with periodic test, which are two-components series system and 2-out-of-4 system. The simulation results are in good agreement with the analytic results, which shows that the method adopted in this paper is correct and effective.
In this paper, the periodic test process is simplified to a point in time, and the relevant process of system degradation has not been considered; periodic test related process, intervals and other aspects of the maintenance can be further studied. 
